Cheonggye-cheon is a partly restored urban stream located in central Seoul. We monitored fecal contamination using three different fecal indicators, total coliforms (TC), fecal coliforms (FC) and E. coli, to assess differences in each indicator on days of varying weather conditions. Presumptive TC, FC and E. coli colonies were identified by their 16S rRNA sequences. The results showed that enumeration of E. coli provided a better reflection of fecal contamination of the stream than TC and FC. The main sources of contamination were the inflow of fecal-polluted groundwater from the vicinity of a subway line and two inflowing streams. The fecal contamination was worsened on days with heavy rain because untreated sewage from a collecting facility flowed into the stream. Moreover, growth potential of fecal indicator (E. coli) in situ induced by algal exudates was measured. Our results suggest that an appropriate standard based on E. coli rather than TC and FC should be established for improving water quality management strategies of Cheonggye-cheon in the future.
Introduction
Cheonggye-cheon is a partly restored urban stream flowing through central Seoul, the capital of Korea. The stream was originally fed by tributaries draining the mountainous areas in the upper watershed [1] , but the stream became severely polluted during the modernization of Seoul, especially the discharge of untreated sewage to Cheonggye-cheon. Between 1967 and 1971, Cheonggye-cheon was covered and placed underground similar to sewer lines, and roads and bridges were constructed as the area along the stream became a symbol of modernization and industrialization [2] . During 2003 to 2005, the Cheonggye-cheon watershed was the target of a major restoration project and the stream itself was uncovered and partly restored. The stream now carries water that has been disinfected (UV treatment) by the Seoul public water supply system. After restoration, some studies found increased diversity in stream flora and fauna in Cheonggye-cheon as well as an increase in the number of visitors who wade along the stream and/or sometimes soak their feet in the stream [3] . Therefore there has been heightened citizen awareness and interest in water quality and safety [4] . Some reports have shown that the water quality criteria as assessed using fecal indicator bacteria levels exceed water quality standards especially on rainy days, and consequently some uses of Cheonggye-cheon are prohibited on rainy days [5] .
In natural stream ecosystems, it is well known that rainfall can adversely affect water quality [6] . The concentration of fecal indicator such as E. coli and Enterococcus during rain events was increased greatly compared to that at time of dry weather conditions and the intensity varied depending on the several hydrographical factors [6] . A number of physico-chemical factors associated with rain events in a watershed usage can impact tributaries and affect the microbial water quality in streams [7, 8] . To evaluate the risk to humans, microbiological standards for water quality have been developed and used in many countries [9] . Fecal indicator organisms, including total coliforms (TC), fecal coliforms (FC) and Escherichia coli, are used world-wide to assess the degree of fecal contamination, because high populations of fecal indicators may indicate a risk to human health risk, although there are questions regarding the usefulness of some indicators [10, 11] . In general, there have been few studies with a focus on microbial water quality in urban streams.
In one study in Cheonggye-cheon which was conducted for Monitoring of fecal contamination in a partly restored urban stream in Seoul, Korea only one month (November), fecal contamination increased dramatically from midstream to downstream, probably due to the inflow from tributaries and unknown non-point source pollutants, even though the water in Cheonggye-cheon is mostly disinfected water [5] . This study aimed to assess the microbial water quality of the partly restored Cheonggye-cheon stream using several fecal indicators. We specifically monitored three commonly used indicators of fecal pollution and quantified changes in the indicators following rain events. We also investigated the growth potential of fecal indicators associated with algal exudates in situ. Some suggestions for improving water quality management strategies in Cheonggye-cheon are discussed.
Materials and Methods

Sample Collections
Water samples were collected from Cheonggye-cheon and two inflowing tributaries on April 24 (immediately following a three-day rain event), May 6 and June 11 (days without rainfall 1 ). These water samples were collected on a rainy day (July 5) and 24 h later (July 6). Samples were collected aseptically in sterilized 1 L bottles from a water depth of 30 cm. To assess the density of fecal indicator (E. coli) attached on substrates such as green algae (Spirogyra sp.), stems and roots of macrophyte (Phragmites sp.) and sediment sample were collected aseptically in sterilized 50 mL conical bottles. All samples were stored at 4˚C, and triplicates per sample were analyzed within 6 h after sampling and the mean values and standard deviation were compared. 
Detection of Fecal Indicators from Water Samples
Total coliforms (TC), fecal coliforms (FC) and E. coli were detected using Coliliert-18 kits (IDEXX, Ludwigsburg, Germany) using the most probable number (MPN) method, according to the manufacturer's instructions. Briefly, 100 mL of the water samples was mixed with a reagent in the vessel until the reagent completely dissolved. Quanti-Tray ® bags with samples for all fecal indicators were then incubated and assayed. The enumeration of TC and E. coli was carried out using the same Quanti-Tray ® bag under incubation at 35.5 ± 0.5˚C for 24 h. After the quantification of TC, the E. coli was assayed using UV GL 25 (CA, USA). For detection of FC, the Quanti-Tray ® bags with samples were incubated at 44.5˚C for 22-24 h after pre-incubation at 35˚C for 2 h. Each sample was tested in triplicate and the mean values and standard deviation were compared.
Density of E. coli Attached on Substrates
To detach E. coli from "Spirogyra sp. stems" and "roots of Phragmites" and "sediment", samples were prepared by placing 1 g of each substrate in a stomacher bag with 20 mL of PBS and treating the bags with Stomacher 400 (Seward Medical, United Kingdom) at the maximum speed for 15 min. The debris in suspension was removed by centrifugation at 3,000 xg at room temperature for 15 min. Ten milliliters of each supernatant was filtered onto a cellulose nitrate filter (25-mm diameter, 0.45 um poresize; Whatman, United Kingdom). After filtration, the membrane was placed on a modified m-TEC agar and incubated at 44.5 ± 0.5˚C for 22 ± 2 h after pre-incubation at 35.5 ± 0.5˚C for 2 ± 0.5 h [12] . To evaluate the growth potential for E. coli, an experiment with two sets was performed as follows. In every set, E. coli (IMSNU 10085) was completely mixed with 1L of unpolluted upstream water. The concentration of E. coli at the beginning point (0 h) of the experiment was 30 ± 1 and 32 ± 1 CFU/mL, respectively, as evaluated by m-TEC agar. A fraction of Spirogyra sp. (10 g wet weight) was added to one set, but not to the other (control). The sets were incubated at the temperature of the stream water (12˚C) for 72 h. To evaluate the change of the density of E. coli, aliquots of water from the two experimental set-ups were sampled every 12 h. The number of E. coli colonies was enumerated using m-TEC agar. The 12 h interval time was used because the stream flow from the upstream station (St. 1) to the down-stream station (St. 9) in the restored zone of Cheonggye-cheon took about 8 h according to the results of a preliminary study.
False Positive E. coli Assay by 16S rRNA Gene Retrieval
In order to evaluate the accuracy of the presumptive fecal indicators (TC, FC and E. coli), some of the corresponding colonies grown on MPN tubes were sub-cultured on selective media -m-Endo agar Les for TC, m-FC agar for FC, and m-TEC agar for E. coli -and then DNA was extracted from the colonies for further identification using 16S rRNA gene sequences. Extracted DNA was used directly as a template for PCR. 16S rRNA gene was amplified using the universal primers 27F (5'-AGAGTTTGATCCTGGC TCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3') with a hot start taq system (Takara, Japan). The purified PCR products were sequenced with a commercial sequencer (Macrogen, Korea).
The partial sequences of 550 to 750 long fragments were compared with sequences data from GenBank (http:// blast.ncbi.nih.gov/) to identify the closest matching sequences.
Results
Variation of Fecal Indicators in the Restored Area
The density of TC, FC and E. coli had a tendency to increase from St. 1 to St. 4, reaching maximum densities after the merging of the two tributary streams (Fig. 2a, 2b and 2c ). Fecal contamination decreased about 2 km downward, at St. 5. In addition, the densities of all the determined fecal indicators, especially TC, was over 10 times higher immediately after a three-day long rainfall (24 th April) than on days of ordinary weather in May and June. Synthetically considering all data regardless of the sampling sites, the number of TC (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) 196 MPN/100 mL) and FC (< 1-19,081 MPN/100 mL) fluctuated largely depending on the sampling date, while E. coli showed a relatively narrow range of variation (< 1-728 MPN/100 mL).
During all collection time, E. coli was not detected in samples from St. 1. Only TC was detected, but at very low levels (5 ± 0-33 ± 5 MPN/100 mL). The numbers of both TC (52 ± 1-9,652 ± 45 MPN/100 mL) and FC (19 ± 3-668 ± 9 MPN/100 mL) increased significantly at St. 2. However, the density of E. coli was lower, from less than 1 to 196 ± 1 MPN/100 mL. At the downstream sites after the confluence with the inflowing tributaries (St. 3 and 4), the densities of all fecal bacteria increased, especially on the rainy day (24 th of April, Fig. 2a ). On the rainy day, the density of E. coli reached the peak values of 728 ± 23 MPN/100 mL (St. 3) and 630 ± 22 MPN/100 mL (St. 4), but decreased to 288 ± 13-289 ± 10 MPN/100 mL (St. 3) and 151 ± 2-279 ± 3 MPN/100 mL (St. 4) on days without rain (6 th May and 11 th June) respectively (Fig. 2b, 2c) . At the tributary stream sites, St. 6 and 7, high densities of both TC (more than 24,196 MPN/100 mL at both sites) and FC (St. 6; 8,217 ± 70 MPN/100 mL, St. 7; 19,018 ± 1,463 MPN/100 mL) were detected on the rainy day (24 th April). The density of E. coli was comparatively low (St. 6; 417 ± 5 MPN/100 mL, St. 7; 476 ± 8 MPN/100 mL), lower than those at the confluent sites in the main stream (St. 3 and 4). On the two days without rain, all of the determined fecal indicators at St. 6 (TC: 1,327 ± 63-1,745 ± 41 MPN/100 mL; FC: 153 ± 1-547 ± 28 MPN/100 mL; E. coli: 50 ± 2-134 ± 2 MPN/100 mL) varied similarly, but were a little higher than those at St. 7 (TC: 738 ± 42-3,522 ± 114 MPN/100 mL; FC: 261 ± 13-251 ± 3 MPN/100 mL; E. coli: 50 ± 1-121 ± 1 MPN/100 mL).
The density of TC, FC and E. coli at St. 5 was significantly lower on the sampling dates without rain (May 6 and June 11), even though it is located about 2 km down from the merging of the severely polluted tributary stream (St. 7), maybe due to the dilution effect. The density of E. coli on the sampling date without rain in May and June was not detected (< 1 MPN/100 mL), but the density on day of immediately after the three day long rainfall (April 24) was relatively high (30 ± 1 MPN/100 mL) as seen in Figs. 2a, 2b and 2c. This shows that the microbial water quality in Cheonggye-cheon is heavily affected by rain events. 
The Effect of Rainfall on Water Quality of Cheonggyecheon
The density of indicators on the rainy day (5th of July 2012) was much higher than those on the sampling dates without rain ( 
Regrowth Potential of E. coli in Cheonggye-cheon
The number of E. coli attached on Spirogyra sp. varied from 110 ± 15-880 ± 102 CFU/g, with an average of 175.2 ± 98 CFU/g. The number of E. coli attached on the roots and stems of Phragmites sp. was also enumerated. Compared to the roots (234 ± 32 CFU/g), the number of E. coli on stems was larger (950 ± 89 CFU/g), possibly due to the concentration of exudates derived from both algae and macrophyte stems, and the increased surface area on which to attach. The number of E. coli in sediment (200 ± 23 CFU/g) was similar with the population on the roots of Phragmites sp., which was rooted in sediment, as these two substrates were taken from the same sediment environment. The number of E. coli in the presence of algae increased from 32 ± 1 to 44 ± 3 CFU/mL over the first 12 h of exposure at the same water temperature (p = 0.002), and then decreased gradually to 16 ± 3 CFU/mL at 72 h. In contrast, the density of E. coli without algae did not increase (p = 0.101), and was in steady state or decreased. The value of E. coli was 30 ± 1 CFU/mL at 0 h, and was finally 19 ± 1 CFU/mL after 72 h of exposure (Fig. 3) . Taken all together, the growth potential of fecal indicator (E. coli) in situ due to exudates by algae and plant was observed but not enough to affect. 
How Accurate Are the Fecal Indicators?
From a total of 50 colonies presumed to be TC colonies (10), FC colonies (20) and E. coli colonies (20) from isolates on the corresponding selective media using the Colilert-18 system, 16S rRNA genes were extracted, sequenced, and identified by comparison to the sequences of those in databases in GenBank ( Table 2 ). All the retrieved presumptive TC colonies on m-Endo agar Les media belonged to taxonomic order, Aeromonadales and Enterobacteriales. However, on genus level, 4 of them was Aeromonas sp., regarded as non-fecal indicator and any colony was not closely related to E. coli. Also, 20 presumptive FC colonies grown on m-FC agar were all related to enteric bacteria (Citrobacter sp., Enterobacter sp., Escherichia coli, Escherichia sp., Klebsiella sp. and Shigella sp.), but 11 sequences of 20 colonies were identified as Klebsiella sp. which occurred also in non-fecal environment [13, 14] . By contrast, 14 colonies from 20 presumptive E. coli colonies on m-TEC agar media were identified as E. coli, which is regarded as best fecal indicator [10, 11] . This implies that among the fecal indicators, the enumeration of E. coli reflected the real fecal polluted state of the stream better than those of TC and FC. 4. Discussion
What Is the Main Source of Fecal Pollution in Cheonggye-cheon?
Fecal pollution of streams has been correlated with rainfall amount [15] . The overflow of untreated sewage is one of the most serious pollutants of concern for water quality [16, 17] . The sewage collecting facility (St. 10) is located at a distance of 800 m from St. 1 and overflow from the facility might explain the fecal pollution on rainy days. The density of E. coli (63,000 ± 1,212 MPN/100 mL, data not shown) at the sewage collecting facility (St. 10) on a day without rain was 60,000 times higher than the value at the St. 1(< 1 MPN/100 mL). As seen in Table 1 , the rainfall contributed to the rapid increase of all fecal indicators, consistent with the reports by others [18] , especially in urbanized watersheds [19] . The overflow induced by excess rain could be a temporary source of fecal pollution in Cheonggye-cheon.
The concentration of the three fecal indicators at St. 2 was remarkably higher than at St. 1 (upstream) and St. 5 (downstream) in main stream. That higher value at St. 2 might be related to the flow of groundwater from the vicinity of a subway line which is likely to be contaminated by surface water carrying fecal contamination flowing into the main stream nearby St. 2 [4] . The densities of TC, FC, and E. coli were 7,270 ± 150 MPN/100 mL, 2,723 ± 85 MPN/100 mL and 191 ± 5 MPN/100 mL, respectively. Another important source of fecal pollution is likely the inflow of the heavily polluted tributaries, as shown by the high density of fecal indicators in the two confluent sites of the main stream (St. 3 and St. 4) and two tributary streams (St. 6 and St. 7) (Figs.  2a, 2b and 2c ).
The survival Trend and Growth Potential of E. coli
Although it is clear that an adequate fecal indicator should not be able to reproduce outside the animal host [20] , there are questions 99  98  99  99-100  99  99-100  99  100  99  99  99  99  99  99   KC835088  KJ769195  CP005998  CP009106  KJ803894  KJ803897  KJ803899  KJ769198  KC924832  JX096398  HQ214033  GQ166865  KC835115  AB558497   1  1  1  2  1  6  1  1  1  1  1  1  1  1 about the capability of E. coli to reproduce ex situ. Generally, E. coli can survive, grow and establish populations in natural environments such as freshwater [16, 21] , soil and sediments [22] [23] [24] [25] , especially in the presence of aggregates consisting of plankton and fungi [16, 26] . In agreement with the previous reports, the E. coli attached to algae (Spirogyra sp.), the roots and stems of macrophyte (Phragmites sp.), and to sediment represented relatively high density. Furthermore, the results of the in situ growth potential test showed the density of E. coli to be higher with the algae supplement (p = 0.002) than without (p = 0.101) (Fig. 3) . Therefore, our results suggest that fecal indicators may proliferate if the indicator organisms are attached to a nutrient-enriched environment such as algae aggregates in a shallow stream like Cheonggye-cheon. However, the free living E. coli without algae present did not proliferate. More precise studies are needed to understand if the growth potential of E. coli in the stream is so large that the microbial water quality could be deteriorated considerably. Next, we considered the origins of attached E. coli on algae and/or macrophytes and the steady presence of E. coli in the upstream of Cheonggye-cheon. It can be assumed that the E. coli from the sewage collecting facility via a floodgate and non-point fecal source pollutant might migrate readily into Cheonggye-cheon by heavy rainfall, then allowing it to become attached, survived and proliferated rapidly as previously reported [27] . The diverse living or dead algae and macrophytes, including their exudates, and sediment can function as a nutrient supply for the growth of E. coli [28] [29] [30] [31] [32] . Rainfall events will provide enough E. coli or other microbes to settle and colonize various materials. The episodic re-suspension due to rain events might release large numbers of E. coli into the stream [33, 34] . In addition, attached E. coli could be separated by physical agitation and/or rapid flow velocity of upstream from detached patches of algae with air bubbles by photosynthesis. This process also could be a minor cause of the increase in the number of E. coli in the upstream area of Cheonggye-cheon.
What Is the Best Fecal Indicator for Evaluating Microbial
Water Quality in Cheonggye-cheon?
When considering the results of analysis of the presumptive TC, FC and E. coli evaluated by the most probable number (MPN) method using the Colilert-18 system (IDEXX, Ludwigsburg, Germany), it is apparent that there was a large fluctuation in the number of TC followed by the number of FC, compared to E. coli. TC has been used as a fecal indicator to assess fecal pollution for more than 100 years [22] . However, problems with using TC as a fecal indicator have been reported by many studies [10, [13] [14] 35] . The genera belonging to the total coliform group such as Enterobacter sp., Citrobacter sp., Klebsiella sp., and Serratia sp. are not always associated with fecal contamination [10] [11] 13] . In addition, overgrowth phenomenon by background colonies on its isolation agar, especially in warm water, indicates its limited use as fecal indicator [13, 35] . Due to this reason, the results based on TC could lead to false conclusions about fecal contamination [13, 14] . When monitoring microbial water quality using FC, thermotolerant coliforms [12, 36] isolated at 44.5˚C for growth, ambiguous results might be obtained even though a larger portion of the presumptive FC were confirmed as E. coli compared to TC [13, 14] . surveyed recreational waters in the Mississippi River and found that only 48% of the presumptive FC colonies on m-FC agar were E. coli and postulated that the detection of FC was not sufficient to determine the actual fecal contamination of recreational water supplies [37] . Recently, the use of E. coli as satisfactory evidence of fecal contamination has tended to increase [10, 11] and E. coli is considered as a more reliable indicator of fecal pollution than other fecal coliforms [38] . The result of this study agrees well with the result from another study [10] . No colonies from 10 presumptive TC colonies and only 2 colonies from 20 presumptive FC colonies were closely related to E. coli based on analysis of the 16S rRNA sequences for checking the accuracy of the presumptive TC, FC and E. coli. However, 14 colonies of 20 presumptive E. coli colonies on m-TEC were assessed as E. coli (Table 2 ).
In addition, many studies have shown that the concentration of E. coli and Enterococcus were positively correlated with the incidence of bather illness, while TC did not correlate well [9, 39] . Therefore, the method employed for monitoring microbial water quality should be evaluated for relevance before use. If the microbiological water quality of a small urban stream like Cheonggye-cheon is measured using TC and FC, these methods are likely to underestimate the quality of the water. In Korea, TC and FC have been used as fecal indicators for checking the quality of streams. Cheonggye-cheon functions as a recreational water, more attention should be given to concerns about human health. Therefore, we suggest the detection of E. coli rather than TC or FC. Enumeration of E. coli is urgently needed for monitoring microbial water quality in Cheonggye-cheon. An advanced method, the Colilert-18 system, was recently developed as more rapid, specific and simple identification method for the detection of E. coli than traditional methods [40] [41] [42] , based on the presence or absence of β-glucuronidase. The false positive rate of this method is lower than the rate determined using the traditional membrane filtration method [43] . Some researchers clarified that the Colilert-18 system yields similar results with the traditional methods for detecting the presence of E. coli and coliforms (TC or FC) in freshwater [10, [41] [42] , and in potable water [44] . Further, this enzyme was revealed to be present in more than 95% of all E. coli isolates tested [39] . We suggest that this new method might be suitable for monitoring microbial water quality in Cheonggye-cheon.
Suggestion for Managing the Water Quality of Small Urban Streams
The restoration of Cheonggye-cheon stream was carried out not only for its recreational use, but also for sustaining its ecological function. Even though the stream is vulnerable to pollution, many visitors use Cheonggy-cheon as a recreational stream. Thus, a cautious approach to water quality management is needed. We suggest that Cheonggye-cheon can be divided into two sections for management purposes, a recreational area and a conservation area. In the recreational area, recreational water activities such as wading and/or splashing would be allowed but would be prohibited in the conservation area. Based on our results, the upstream region ensuring safety of the recreational water quality, a short distance from St. 1 to the region 0.98 km downwards (Fig. 1) can be designated as a recreational area. However, if problems such as temporary overflow of untreated sewage and inflow of contaminated ground water can be solved, then the recreational area could be extended up to the confluence of the tributary stream (St. 6, Seongbuk-cheon), at a distance of 5km. The remaining region of the stream should be managed as a conservation area. As part of the water quality management strategy, visitation should be prohibited during and following heavy rain, because this is when the microbial water quality is impaired (Table 1) . Additionally, we suggest the more rigorous counter-action to intercept the inflow from the sewage facility and less rigorous counter action would be needed to monitor and to improve the water quality of the tributary streams by various implementation such as removal of fecal pollutant source.
Conclusions
The main factors which impair the microbial water quality in Cheonggye-cheon are the inflows from the two tributary streams, St. 6 and St. 7, with a high density of fecal indicators and the inflow of groundwater in the vicinity of a subway line, which is contaminated by unknown surface water at St. 2. In addition, the overflow of sewage from the sewage collection facility via the floodgate at times of heavy rain into Cheonggye-cheon stream is important as a temporary source of contamination, which subsequently allows bacterial populations to attach to algae, aquatic plants, and sediment, where they can survive for longer periods and could proliferate under optimal conditions. These attached fecal indicators can also be detached due to sheer force induced by increased stream discharge, which might raise the total number of fecal indicator bacteria in Cheonggye-cheon. Further studies are required to establish an appropriate standard based on the density of E. coli for improved management strategies for microbial water quality in Cheonggye-cheon. A water quality management plan incorporating the results from this study should be implemented to protect human health in visitors to Cheonggye-cheon stream.
